Abstract. Heterogeneous/multiphase reaction of SO 2 with NO 2 on solid or aqueous particles is thought to be a 7 potentially important source of sulfate in the atmosphere, for example, during heavily polluted episodes (haze), 8 but the reaction mechanism and rate are uncertain. In this study, we investigated the heterogeneous/multiphase 9 reaction of SO 2 with NO 2 on individual CaCO 3 particles in N 2 using Micro-Raman spectroscopy in order to 10 assess the importance of the direct oxidation of SO 2 by NO 2 . In the SO 2 /NO 2 /H 2 O/N 2 gas mixture, the CaCO 3 11 solid particle was first converted to the Ca(NO 3 ) 2 droplet by the reaction with NO 2 and the deliquescence of 12 Ca(NO 3 ) 2 , and then NO 2 oxidized SO 2 in the Ca(NO 3 ) 2 droplet forming CaSO 4 , which appeared as needle-shaped 13 crystals. Sulfate was mainly formed after the complete conversion of CaCO 3 to Ca(NO 3 ) 2 , that is, during the 14 multiphase oxidation of SO 2 by NO 2 . The precipitation of CaSO 4 from the droplet solution promoted sulfate 15 formation. The reactive uptake coefficient of SO 2 for sulfate formation is on the order of 10 -8 , and RH enhanced 16 the uptake coefficient. We estimate that the direct multiphase oxidation of SO 2 by NO 2 is not an important source 17 of sulfate in the ambient atmosphere compared with the SO 2 oxidation by OH in the gas phase. 18
curve for each experiment (Fig. S1) . 135
Determination of reactive uptake coefficient 136
In this study, sulfate was produced from the oxidation of SO 2 . The reactive uptake coefficient γ of SO 2 on 137 individual particles was estimated from sulfate formation. γ is derived as the rate of sulfate formation 138 (d{SO 4 2-}/dt) divided by the rate of surface collisions with an individual particle (Z), 139
140
141
142 where R is the gas constant, T is temperature, Mso 2 is the molecular weight of SO 2 , and c is the mean 143 molecular velocity of SO 2 , A s is the surface area of an individual particle. Z is the collision rate between SO 2 and 144 a particle. {SO 4 2-} indicates the amount of sulfate on the particle phase in mole, and [SO 2 ] indicates the 145 concentration of SO 2 in the gas phase. 146 {SO 4 2-} was determined by a calibration curve as stated above. In this study, since sulfate was mainly 147 formed after the formation of Ca(NO 3 ) 2 droplet as shown below, A s was calculated by estimating the diameter of 148 the droplet according to its microscopic image and using a shape of spherical segment defined by the contact 149 angle water droplet on Teflon (Good and Koo, 1979) . For each experiment, at least three particles with different 150 diameters were measured to get an average reactive uptake coefficient. 151 3 Results and discussion 152 3.1 Reaction products and particle morphology changes 153 Figure 2 shows typical Raman spectra of a CaCO 3 particle during the reaction with SO 2 and NO 2 . The peak 154 at 1087 cm -1 is assigned to the symmetric stretching mode of carbonate (ν 1 ) (Nakamoto, 1997), which could be 155 detected during the initial stage of the reaction. Shortly after the reaction started, a peak at 1050 cm -1 was 156 observed, which is attributed to the symmetric stretching mode of nitrate (ν 1 ). This demonstrates that calcium 157 nitrate (Ca(NO 3 ) 2 ) was produced during the reaction. A broad band at 2800-3800 cm -1 was also observed together 158 with the formation of Ca(NO 3 ) 2 . It is assigned to -OH stretching of liquid water. The formation of liquid water is 159 attributed to the deliquescence of Ca(NO 3 ) 2 , which is very hygroscopic and can deliquesce at ~10% RH (Liu et al., 160 2008; Al-Abadleh et al., 2003; Tang and Fung, 1997) . After about 82 min, a new peak at 1013 cm -1 was observed, 161 which is attributed to the symmetric stretching mode of sulfate (ν 1 ) in anhydrite (CaSO 4 ) (Sarma et al., 1998) . 162
This peak clearly demonstrates that sulfate was formed. CaSO 4 as a reaction product has also been found in the 163 reaction of CaCO 3 with SO 2 and NO 2 in a previous study (Ma et al., 2013b water, which provided a site for aqueous oxidation of S(IV) by NO 2 . The relative fractions of the three S(Ⅳ) 217 species depend on pH and the equilibrium between them is fast (Seinfeld and Pandis, 2006) . The pH of the 218 droplet was mainly determined by the gas-aqueous equilibrium of SO 2 in this study and estimated to be ~3 and 219 thus main S(IV) species was HSO 3 -. Then SO 4 2-from S(IV) oxidation can react with Ca 2+ forming CaSO 4 220 precipitation as observed in Raman spectra due to the low value of K sp for CaSO 4 (Lide, 2009) Some previous studies have shown that SO 2 can react with CaCO 3 to produce calcium sulfite (CaSO 3 ) (Li et 223 al., 2006; Prince et al., 2007b; Ma et al., 2013a) , and CaSO 3 can be oxidized to CaSO 4 by NO 2 (Rosenberg and 224 Grotta, 1980; Ma et al., 2013a) . In our study, we investigated the reaction between CaCO 3 and SO 2 (150 ppm) at 225 72% RH. We found that both sulfate and sulfite were lower than the detection limit of our Raman spectrometer 226 even after 300 min of the reaction. This indicates that forming CaSO 3 was not the main pathway in CaSO 4 227 formation in our study and CaCO 3 did not directly contribute to the formation of CaSO 4 . 228
Effects of cations in sulfate formation 229
Since sulfate was observed to precipitate as CaSO 4 , we further analyzed the effect of precipitation reaction 230 and cations on the aqueous oxidation of SO 2 by NO 2 . The spontaneity of the SO 2 oxidation by NO 2 for Reaction 231 (R2) can be analyzed using the reaction Gibbs energy as follows: 232
where Δ r G is the reaction Gibbs energy, Δ r G θ is the standard reaction Gibbs energy, R is the gas constant, T 234 is temperature, and a is the activity of various species. 235
The precipitation of CaSO 4 can substantially decrease the activity of SO 4 2-, and thus decrease Δ r G and 236 promote the oxidation of SO 2 and sulfate formation. In order to test effects of cations, we replaced Ca 2+ with Na
or NH 4 + . Based on Raman spectra, we found that in the reaction of a NaNO 3 or a NH 4 NO 3 droplet with NO 2 /SO 2 238
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Reactive uptake coefficient of SO 2 242
The reactive uptake coefficients of SO 2 (γ) for sulfate formation under different conditions are shown in 243 Table 2 . Each reaction was repeated for three times, during which, three particles with different size were 244 selected. γ was higher at higher relative humidity, suggesting again that liquid water plays an important role in 245 the formation of CaSO 4 . At 17% RH, the reaction between CaCO 3 and NO 2 (the first process of the whole 246 reaction) proceeded very slowly, and the amount of liquid water formed due to the water uptake of Ca(NO 3 ) 2 was 247 very low. As a result, we did not observe the formation of CaSO 4 (the second process of the whole reaction) after 248 1000 min of the reaction and even at higher SO 2 and NO 2 concentrations (200 ppm SO 2 , 200 ppm NO 2 ). Under 249 higher relative humidity (46% and 72% RH), sulfate was observed soon after the reaction. It is interesting to note 250 that there were no significant difference for γ between 46% and 72% RH. In either case, the reaction between 251 CaCO 3 and NO 2 proceeded quickly and CaCO 3 was completely converted to a Ca(NO 3 ) 2 droplet within 100 min 252 after the reaction. In the presence of enough liquid water, RH seemed to be no longer a limiting factor. In such 253
conditions, an increase of NO 2 concentration (from 75 ppm to 200 ppm at 72% RH) promoted the reactive uptake 254 of SO 2 . 255
The reactive uptake coefficient of SO 2 for sulfate formation was determined to be on the order of 10 -8 at 46% 256 and 72% RH. This value is higher than the uptake coefficient (10 -10 ) on mineral particles sampled from Cape 257
Verde Islands (the main contents being potassium feldspars and quartz) obtained by Ullerstam et al. (2003) using 258 NO 2 /SO 2 mixing gas and DRIFTS technique. But the uptake coefficient in this study is lower than the uptake 259 coefficient of SO 2 on ATD particles in the presence of NO 2 ((2.10±0.08)×10 -6 ) determined by Park and Jang 260 (2016). γ here is also much lower than the γ of SO 2 on oxalic acid particles in the presence of NO 2 and NH 3 261 (10 -6~1 0 -4 ) determined at varying RH reported by Wang et al. (2016) . The difference in these uptake coefficients 262 is attributed to the different chemical composition of particles, reaction mechanism, reaction conditions, and the 263 ways that the particle surface is determined. It is worth noting that in the studies of Ullerstam et al. (2003) and 264 Park and Jang (2016), particles exist as solid state and sulfate formation is via gas-solid heterogeneous reaction, 265 and in the study of Wang et al. (2016) sulfate formation is stated to be via aqueous reaction. In this study sulfate 266 formation was via gas-liquid-solid multiphase reaction and liquid water played a key role. 267
In the ambient atmosphere, the reactive uptake coefficient of SO 2 due to the multiphase oxidation by NO 2 is 268 influenced by various factors such as RH, NO 2 concentration, pH, sulfate concentration, and the presence of other 269 ions in aerosol particles. For example, NO 2 concentrations in the atmosphere are much lower than those used in 270 this study. At lower NO 2 concentrations, the uptake coefficient of SO 2 decreases, because the oxidation rate of 271 SO 2 in aqueous phase decreases with decreasing NO 2 concentration. In addition, aqueous sulfate concentrations 272 in aerosol particles in the atmosphere are often high, which may suppress the reaction of SO 2 with NO 2 according 273 to the discussion above and Equation (5), and thus reduce the uptake coefficient of SO 2 . Therefore, the reactive 274 uptake coefficient of SO 2 obtained in this study (10 -8 days. The life time of SO 2 due to the multiphase oxidation by NO 2 is around 7000 days using the uptake 292 coefficient of SO 2 from this study (3.22×10 -8 ) and a typical particle surface area concentration for mineral 293 aerosols in winter in Beijing (6.3×10 -6 cm 2 cm -3 ) (Huang et al., 2015) . Using an annual average particle surface 294 area concentration of PM 10 in Beijing (1.4×10 -5 cm 2 cm -3 ) (Wehner et al., 2008) results in a SO 2 life time of 3300 295 days due to the multiphase oxidation by NO 2 . In the atmosphere, the lifetime of SO 2 due to the multiphase 296 oxidation by NO 2 should be even longer than these values because the uptake coefficient of SO 2 used here 297
) is an upper limit of the uptake coefficient of SO 2 in the ambient atmosphere as discussed above. This 298 comparison indicates that the direct multiphase oxidation of SO 2 by NO 2 is not an important sink of SO 2 and 299 source of sulfate compared with the oxidation of SO 2 by OH. 300
In this study, we used the inert N 2 as a carrier gas for the reaction mixture. In the ambient atmosphere, O 2 is 301 abundantly present and previous studies have suggested that O 2 can enhance the reaction of sulfite with NO 2 in 302 bulk aqueous solution (Littlejohn et al., 1993) . Therefore, the potential role of O 2 in the reaction of SO 2 with NO 2 303 in aqueous aerosol particles warrants further studies and will be addressed in a companion paper. 304
Despite the less important role in sulfate formation, the multiphase oxidation of SO 2 by NO 2 on CaCO 3 305 particles helps interpreting the findings from field studies. For example, internally mixed CaCO 3 with Ca(NO 3 ) 2 306
and CaSO 4 particles with varying reacted fractions of CaCO 3 were observed in the field (Hwang and Ro, 2006; Li 307 and Shao, 2009 ), but how the internally mixed particles are formed is not clear. In this study we showed that 308 CaSO 4 can be formed inside the Ca(NO 3 ) 2 droplet after the deliquescence of initially produced Ca(NO 3 ) 2 through 309 the reaction of SO 2 with NO 2 . In this way, internally mixed CaCO 3 with Ca(NO 3 ) 2 and CaSO 4 particles can be 310 formed. Moreover, Hwang and Ro (2006) found that CaSO 4 -containing particles were observed to be almost 311 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-610 Manuscript under review for journal Atmos. Chem. Phys. 
